TEST BRIDGE
The general plan, elevation, and cross section of the experimental bridge are shown in Fig. 1 . The bridge consisted of two identical simply supported girders with segments and joints numbered as shown. Each independent girder consisted of seventeen segments which were tied together with longitudinal bar or strand post-tensioning tendons plus diagonal bar post-tensioning tendon. The ducts containing the tendons were grouted after post-tensioning. Steel shear dowels were used to achieve alignment during construction and to transfer torsional moment after the girders were built. Epoxy was used as the main jointing material between the segments.
End diaphragms were introduced in the end segments, which were ample in size to take the substantial reaction forces from the neoprene bearing pads and torsional anchorages and to provide room for the post-tensioning end anchorage plates. In addition, an opening was made to allow easy access by researchers to the inside of the box section. An open longitudinal joint between the girders was selected to allow an independent comparison of the two girders. The overload tests were performed on Girder B,
The segments for the experimental bridge were cast individually at a fabrication plant by the short line method in one steel form with provisions for adjustments. They were then hauled about 100 miles (161 km) to the test track facility where they were erected on steel scaffolding-type falsework.
The curved box girder was designed for longitudinal moment using straight beam theory for the dead load, AASHTO HS20-44 live loading, and prestress. The design was made using allowable stresses and checked for ultimate strength. For transverse moment, the segments were designed elastically as a box frame with side cantilever flanges.
Synopsis
An experimental prestressed concrete segmental bridge was constructed and tested at the Pennsylvania Transportation Institute of The Pennsylvania State University.
The bridge was designed by the Pennsylvania Department of Transportation as two independent singlespan curved girders with a length of 121 ft (36.9 m). Each girder was composed of seventeen segments. The bridge was initially field tested at service load levels and subsequently tested for overloads when one girder was tested to failure.
The incremental loading to failure is discussed and these results are compared with those obtained from a finite element analysis (SAP IV), which models the cracking patterns and material nonlinearities. In addition, the results of classical simplified analyses are compared with selected experimental and finite element results.
Conclusions are given that relate to the application of the research.
At the bottom of the webs the frame was assumed to he simply supported. Each girder was analyzed for torsion as a horizontally curved beam with eccentric loads. The cross section of the segments was approximated as a box section with the flanges neglected.
The design strength of the concrete at 28 days was 5750 psi (39.6 Nlmm 2). Intermediate grade ASTM A615 reinforcing bars with a specified minimum yield stress of 40,000 psi (275 NImr 2) were used for all mild steel reinforcement. Post-tensioning steel bars with a specified ultimate stress of 160,000 psi (1100 NImm 2), or steel strand with a specified ultimate stress of 270,000 psi (1860 N/mm z), were used for all post- tensioning tendons. In order to take into consideration the effect of time on the strength of concrete, concrete cylinders were tested before the bridge was loaded to failure. Some of these cylinders were tested for compressive strength, static modulus of elasticity, and Poisson's ratio, and others were tested for splitting tensile strength. Table 1 gives the properties for the concrete in Girder B at the time of testing. Specimens of the 0.50 in. (13 mm) diameter strands and of the 1.25 in. (32 mm) stress steel bars were tested by the manufacturer and the Pennsylvania Department of Transportation. The results are also given in Table 1 .
Complete details and design criteria 
FINITE ELEMENT ANALYSIS

Modeling of Materials
Concrete in the bridge has complex stress distributions resulting from a number of sources. Success in analyzing such a structure requires knowledge of the deformational behavior and strength properties of concrete under multiaxial states of stress. Different models based upon different theories have been proposed for the stress-strain law of concrete under short-term loads. These are based on plasticity, nonlinear elasticity, model of microstructures, measure of damage, endochronic theory of plasticity, and mathematical functions. A complete explanation of all these models can be found in Ref. 2. After examining these various models, it was concluded that, until more extensive and appropriate investigations become available, a type of model that allows a direct inclusion of the experimental data should be preferred. Therefore, Kostovos and Newman's model , '-was chosen for the analysis of the bridge.
Octahedral Stresses and Strains
It was assumed in this work that compressive stresses and strains were positive and that v,, ar , and Q, represent the maximum, intermediate, and minimum principal stresses, respectively. The orthogonal coordinate system o, aZ , and a-3, which defines the stress space, was transformed into a cylindrical coordinate system in whichz coincides with the space diagonal (Q, = Uq = o) of the original system, and r and 9 are the radius and rotational variables, respectively, on the plane perpendicular to the z axis (octahedral plane), as shown in Fig. 2 .
The two coordinate systems are related by the following equations: In these equations, rr o and T" are known as the normal and the shear octahedral stresses, respectively.
Similarly, the normal (E o ) and shear (ye ) octahedral strains are defined as follows:
Here, €,, Ez, E;, are the strains in the directions of the principal stresses. If elastic behavior is assumed, the stress as and strain E q associated with volume change are related by the bulk modulus K, and the distortional quantities are related by the shear modulus G as:
For nonlinear materials, l(ostovos and Newman used similar relationships, but in this case, the moduli K and G are functions of stress and strain, and can be expressed as secant moduli in the form:
2 yo(T0) (9) Concrete in Compression In their work, Kostovos and Newman have shown that concrete compression behavior and fracture characteristics may be explained by the formation and propagation of microcracks within the concrete. Under applied loading, four stages of behavior can be distinguished in the stress-strain response for uniaxial, biaxial and triaxial stress cases. Consider, as an example, the stress-strain curve for uniaxial compression which is shown in Fig. 3 .
As a first stage, consider the region up to 30-60 percent of the ultimate strength (shown as 45 percent in Fig. 3 ). In this initial stage (Stage 1 in Fig. 3 ), microcracks in addition to those preexisting in the material are initiated at isolated points where the tensile strain concentrations are the highest. However, these cracks are completely stable. Localized cracks are initiated but they do not propagate.
A second stage (Stage II, in Fig. 3 ), takes the region up to 70-90 percent of the ultimate strength. As the applied load is increased, the crack system mul- Fig. 3 ) applies up to the ultimate strength. Interface microcracks are linked to each other by mortar cracks, and void formation (dilation) begins to have its effect on deformation. The start of this stage has been termed "onset of unstable fracture propagation" (OUFP). The level is easily defined since it coincides with the level at which the overall volume of the material becomes a minimum.
A fourth stage defines the region beyond the ultimate strength. In this region (Stage IV in Fig. 3 ), the energy released by the propagation of a crack is greater than the energy needed for propagation. Thus, the cracks become unstable and self-propagating until complete disruption and failure occurs.
Similarly, the multiaxial behavior model of Kostovos and Newman has considered four stages which will be explained in the following sections.
Elastic Concrete (Stage I) -Under combined states of stress, the stressstrain relationship is generally nonlinear. However, when stress is below 45 percent of the ultimate stress, the material characteristics are unaffected by the fracture processes explained previously, the deformation is recoverable, and the stress-strain relationship is almost linear. Therefore, it is assumed here that concrete is isotropic, homogeneous, linearly elastic, and that its stress-strain relations are described completely by two elastic constants, Poisson's ratio (v) and Young's modulus (F).
Inelastic Concrete (Stage II) -This stage represents states of stress between 45 percent of the ultimate stress, which has been termed the "onset of stable fracture propagation" (OSFP), and 85 percent of the ultimate stress, which has been termed the "onset of unstable fracture propagation" (OUFP). In this zone of behavior, Kostovos and Newman consider deformations to be composed of the following components:
1. A component dictated by the materials characteristics and unaffected by the fracture process.' Fig. 4 . Assumed stress-strain curve for concrete in tension.
2.
A component expressing the effect of internal stresses caused by the fracture processes. Relationships between o-o and eo, and between To and y e have been expressed using the experimental results. These relationships were formulated as follows: ( 
10)
Y. = f2(zo) (11) Then, the secant expressions of the hulk and shear moduli, given by Eqs. (8) and (9), can be calculated. After that, the secant values of the modulus of elasticityE and Poisson's ratio v were obtained from the well-known formulas of linear elasticity:
(3K + G)
Inelastic Concrete (Stage III) -This stage represents states of stress between the OUFP and the ultimate strength levels. In this zone, void formation begins to have an effect. Therefore, the deformations that occur in this stage are considered to be composed of three components: the two components explained in the previous section plus a third component which expresses the effect of void formation. ' The addition of the void formation effect to the first two components gives the total deformations. Then, the secant values of the modulus of elasticity E and Poisson's ratio v were obtained following the same steps explained in Stage II.
Inelastic Concrete (Stage IV) -This stage represents states of stress beyond the ultimate strength level. In this zone, the volume of voids increases dramatically, which causes rapid dilation of the overall volume. At this point, it is evident that the specimen, or the concrete element as a whole, can no longer be considered as a continuum. However, an attempt has been made to use the work of Kostovos and Newman' concerning the behavior of concrete beyond the ultimate strength level. Here, the effect of the voids beyond the ultimate strength has been added to the deformations at the ultimate level to obtain the total deformations, that is:
Here SE" and 3y0 are the hydrostatic and deviatoric components of the voids deformations beyond ultimate, respec-tively. And, eo and yo are the hydrostatic hardening of the material was defined and deviatoric components at ultimate, according to the experimental stressrespectively, strain curve.
Concrete in Tension
For concrete in tension, it can he assumed without significant loss of accuracy that linear behavior is obtained up to cracking. Therefore, the stress-strain relationship has been described by two elastic constants, Poisson's ratio (p) and Young's modulus (E). The tensile strength for the concrete in triaxial tension, or in the tension-tension-compression quadrant, was taken to be equal to its uniaxial tensile strength.
The concrete stress is zero at the cracks, but it is not zero if averaged over the distance between cracks. Thus, if the concept of working with average stress is considered, an unloading portion of the stress-strain curve can be assumed. No data are available concerning the unloading portion of the curve. Therefore, the stress-strain curve for concrete in tension was taken as shown in Fig. 4 . The modulus of elasticity for any tensile strain is taken as the secant modulus for that point on the curve.
Modeling of the Cracked Elements
The stiffness of the cracked elements was softened isotropically. This softening was taken into consideration by reducing the modulus of elasticity (E) according to the assumed stress-strain curve for concrete in tension shown in Fig. 4 . Some shear stiffness was retained in the cracked elements. Hand et al." show that although retention of some shear stiffness is necessary, the proportion of shear stiffness retained, /3, is not critical, i.e., various values of j3 resulted in similarly good correlation with test results,
Modeling of the Prestressing Steel
An elastic strain hardening model was used in defining the material behavior of the prestressing steel. The strain
Modeling of the Mild Steel Reinforcement
The cross section of the bridge is heavily reinforced with mild steel reinforcement. In order to account for its existence, the mild steel reinforcement was uniformly distributed throughout the concrete elements, and new effective values for the modulus of elasticity were established for individual regions of the cross section, with each region encompassing a portion of the cross section where the reinforcing pattern was fairly uniform,
General Technique Used for the Nonlinear Analysis
Nonlinearity is caused solely by the nonlinear form of the constitutive relations and failure laws of concrete and steel. Strains are assumed to be small and, thus, the strain-displacement relations are linear. Therefore, the problem involves material nonlinearity only, and a nonlinear solution must satisfy the constitutive laws and the conditions of equilibrium and compatibility within an acceptable margin of error.
The procedure used for the analysis was as follows:
(a) Discretize the structure into elements by introducing the finite element grid, number the nodes, and number the elements. The centroidal characteristics of each element are considered in all calculations to represent the average properties of that element. Apply an initial load, and carry out an elastic analysis using a linear finite element program (SAP IV in this study) to obtain the nodal displacements and element stresses. Calculate the corresponding principal stresses. Use a scaling factor to raise the load level to cause first cracking in an element or region of elements. Then, linearly scale the nodal displace-ments and element stresses to yield their respective values at the cracking load of the structure.
(b) Modify the material properties of the cracked elements to account for tension stiffening of the concrete. The load is then increased by increments of varying magnitude, with each cycle of loading reflecting the changing properties of the materials.
The following computational steps were involved in a typical cycle of loading:
1. Increase the previous load by an increment of loading (P t = P {_, + Perform an elastic analysis for the structure under load P t, using the updated stiffness matrix at the end of the previous load. That is, if [K ] f_, is the updated stiffness matrix at the end of loadP 1_,. Then:
where {P} ; and { A}, are the load vector and displacement vector for general system at cycle i, respectively. Calculate nodal displacements {0}, and element stresses.
2. Calculate the corresponding principal stresses.
3. Check concrete cracking and inelasticity and check steel inelasticity. 4. Examine the stress level for each inelastic concrete element Then define the stage of behavior for each inelastic element.
5. Modify the material properties of these inelastic elements, 6. Modify the material properties of the old and new cracked elements to account for tension stiffening of the concrete and modify the steel properties using its experimental stress-strain diagram.
7. Update the structure stiffness at the end of the load P t, using the new material properties in preparation for the next load level.
This computational cycle was repeated until the ultimate load was reached and the complete behavior of the structure was determined in terms of displacements, stresses, and crack patterns for each desired load.
In checking for cracking, it is important to note that when the calculated tensile stress, v,, in any element is higher than the ultimate tensile strength of the concrete, ft, the stresses in all the elements must be scaled down to remove the stress increment (v, -fe ), and the Ioad and nodal displacements must also be scaled down to yield their respective values.
It is important to mention that the stresses (forces) released from the cracked elements in cycle i, for example, will be redistributed to the neighboring elements in the next cycle, cycle (i + 1).
Use of SAP IV
SAP IV is a finite element structural analysis program for the static and dynamic response of linear structural systems. The program is written in FOR-TRAN. The user's manuals describes the logical construction of the program, the analysis capabilities, the finite element library and the input data.
Two of the elements were used for the bridge problem. The three-dimensional truss element was used to represent the lumped prestressing tendons, and the three-dimensional solid (eight-node brick) element to represent the concrete.
Discretization of the Structure
Nodes and subdivision lines and planes were located at positions where there were abrupt changes in geometry, changes in material properties, changes in prestressing tendons, and points of loadings. Figs. 5 and 6 show the longitudinal and cross-sectional discretization of the structure, respectively
The precise arrangement for the prestressing steel was not modeled because it would have required too many node points. Instead, tendons were lumped together and the cross-sectional areas of certain truss members were given different values along the beam, depending on the areas of steel lumped in each division. The effective values of the modulus of elasticity for these truss members were used where appropriate. Symmetry was used in the analysis of the bridge with one-half of the total structure represented by finite elements.
Prestressing Analysis
The material properties of concrete and steel depend on the stress or strain state of the material. The state of stress in a prestressed concrete element is produced by the prestressing forces and toads applied to the structure. Therefore, at any state of loading, stresses caused by prestressing forces should be calculated and added to those caused by the applied loads in order to define the material properties of the element.
The force that a tendon will exert upon the structure is a function of several variables. The most important of these are the jacking forces, P, applied at the anchors, losses of prestressing force, and position and geometry of the tendon. In this study, the effects of all these variables were taken into account. The time-dependent losses were calculated in detail according to standard procedures 1° and the equivalent load method 1° 1 ' was used to compute the forces applied by the tendons on the structure.
The effective prestress force after losses are accounted for is called Pe. These effective prestressing forces were represented as nodal forces on the finite element model. The effects of the change in the vertical alignment of the prestressing tendons and the horizontal curvature in the beam axis were considered in this representation.
The initial stresses in the bars and tendons, caused by the effective prestressing forces Pe, were calculated by dividing the force Pe + A P, in any bar, by the cross-sectional area of that bar. Here, is the force caused by elastic shortening, and it was added to correct for the elastic shortening effect which takes place when the effective prestressing forces are applied as nodal forces on the finite element nodel.
Cases of Loading
The cases of loading needed in the analysis procedure are defined as follows:
-Experimentally, the deflections and surface strains due to live load (LL) only were measured. Thus, to compare these experimental results, theoretical
LL LL -The beam DL P e -----------------------e
Cracked region (a) Load case 1, cracked beam
The beam DL P:
(b) Load case 2, uncracked beam deflections and surface strains due to (LL) only are needed.
-To define the material properties after any load increment, the total stresses due to live load (LL), dead load (DL), and prestressing force, P,, in the concrete and steel elements, are needed.
Therefore, two load cases, as shown in Fig. 7 , were used after each load increment. Load case I was used to find the total stresses needed to define the material properties. For concrete, the stresses obtained from the results of load case 1 were used directly to define the material properties for the concrete elements. However, for the steel, the initial stresses caused by Pe + AP,., forces were added to those obtained from the output of load case 1 to obtain the total stresses in the steel due to Pe + LL + DL. Here, the term A P, is added to negate the elastic shortening effect which occurs to the steel, due to P e, in load case 1.
Deflections and surface strains due to live load only were obtained by subtracting the results of load case 2 from the results of load case 1.
PROCEDURES FOR ANALYZING PRESTRESSED CONCRETE STRUCTURE
This procedure was used to calculate moment-curvature relationships at different load levels. Theoretical deflections were then calculated by loading the conjugate beam with the curvature diagram. The girder was idealized as a straight line structure which had the same geometry as the centroid of the cross section and torsion was neglected in the analysis.
The following assumptions were used in this analysis procedure:
1. Complete bond was assumed between tendons and concrete. Therefore, changes in strain in the steel and concrete were assumed to be the same.
2. After first cracking, tension in the concrete was neglected.
3. Strains at the various section levels were assumed to be directly proportional to the distance from neutral axis.
4. The actual stress-strain diagrams for the prestressing bars and strands were used in the analysis.
5. At ultimate strength, the maximum moments and curvatures were calculated using the rectangular stress distribution for the concrete and an ultimate strain of 0.00.3.
Up to First Cracking
The total moment causing cracking was found by setting the concrete stress at the bottom face, due to all loads plus the prestress force, equal to the modulus of rupture of the concrete.
For moments smaller than the cracking moment, there was an uncracked section and the stresses were in the elastic range. The curvature was calculated front the strain diagram and stress due to all loads plus prestress force calculated using the combined axial force plus bending moment equation. k°A
fter First Cracking
For cracked prestressed concrete beams, calculation of stresses after cracking is a complex matter. The neutral axis location and effective section properties depend not only on the geometry of the cross section and the material properties, as for reinforced concrete beams, but also on the axial prestressing force and the loading. The axial force applied by the steel to the concrete is not constant after cracking, but depends on the loading and on the section properties. Nilson[' has developed a method for calculating flexural stresses in prestressed beams after cracking. This method works for stresses in the elastic and inelastic ranges but a complete stress-strain diagram for all materials must he known.
Ultimate Flexural Strength
The ultimate strength of the girder was determined by the strain compatibility method using stress-strain diagrams of the prestressing tendons. A complete explanation of the strain compatibility method has been given by Nilson. '5 
BRIDGE TESTING
The Loading System
The bridge was tested with static loading using the loading frames shown in Fig. 8 . The loading frame included four hydraulic jacks. Directly above the rock anchors, four openings for the jacks were cut through the concrete bridge deck. The jacks were hinge connected to the steel loading beams at their top ends and attached to the anchor assembly for the rock anchors at their lower ends. The rock anchors were drilled and grouted approximately 75 ft (23 m) into the ground, 20 ft (6 m) of which were in sound rock. Each rock anchor was capable of resisting a load of 500 kips (2225 kN), which was equal to the capacity of the loading beams.
Each loading beam consisted of two 27 x 114 wide flange beams placed on a roller support at one end and a hinged support at the other. The beams delivered the loads through 2 in. (51 mm) thick steel plates to concrete pedestals located over the webs to give a longitudinal bending type failure. The loads were monitored by separate pressure gages for each jack and verified through strain readings on each ram.
Instrumentation
The bridge was instrumented to monitor deflections, transverse rotations, change in alignment, surface strains in the concrete and forces in diagonal and anchor tendons.
Deflections and Rotations
Deflections and rotations for all load increments were measured using six dial gages with two placed at each end and two placed at midspan. All dial gages measured the displacements in a direction perpendicular to the bottom surface of the girder.
After the girder started yielding, the deflections were measured with an engineer's level, which was set tip at a distance from the girder, and two level rods, which were permanently mounted at the midspan of the girder.
Strains at Midspan
Strains at the middle of Segment 9B were measured at each load increment using metal foil electrical resistance strain gages. This segment, which is at midspan, was chosen because of the large bending moment at that location. The strain gages were placed on the upper surface, the lower surface, and both sides of the bridge girder as shown in Fig. 9 . Only longitudinal gages were used since bending was of primary interest. All strains were used with a Model P-350 Budd Strain Indicator using a half-bridge circuit with temperature compensation gages.
Testing Procedure
A crack survey was made for the outside and inside of the girder before overload testing began. Most of these cracks were caused by temperature and shrinkage. They were traced with black felt-tipped pens to differentiate them from those caused by live load.
The load was applied in increments of 100 kips (445 kN), one increment each day. After each increment of loading, the bridge was completely unloaded and reloaded incrementally in the next day of testing. The testing of the bridge was completed in 9 days. For a typical day of testing, the following steps were carried out:
1. The pressure on the hydraulic rams was released and the steel loading beams were lifted up until there was no contact between the loading beams and bearing points on the concrete pedestals.
2. Initial readings were taken at zero load for strains, deflections, horizontal offsets, and elevations of the deflection points on top of the girder.
3. The four rams were activated by an electric pump, and the pressure read- ings were adjusted until the load level of the previous day was obtained.
4. Readings of strain gages, dial gages, horizontal offsets, and level rod readings were taken for the applied load level.
5. Cracks were cracked, traced with red felt-tipped pens, identified with the load at which they formed, and recorded. Hand magnifying lenses were used in tracing the ends of the cracks.
6. On the next day of testing, Steps 1 to 5 were repeated, except that the load in Step 3 was increased by 100 kips (445 kN).
Steps 1 to 4 were carried out before sunrise in order to minimize the effect of temperature on the readings, then the crack survey was made during the day with the live load still on the girder.
The bridge was loaded to failure on the last day of testing. Ultimate load was defined by crushing of the concrete. after the prestressing reinforcement had yielded and gone into the strain hardening range. After careful examination, there was no evidence of any shear or bond failures.
COMPARISONS OF TEST RESULTS WITH THEORETICAL VALUES
The main purpose of this testing was to study the elastic and inelastic behavior of Girder B. Here, the experimentaI results are reported and compared with the theoretical values. The tests focused mainly on the determination of experimental deflection and strains from which the stresses were determined. Theoretical results were obtained by the finite element method and by the standard theoretical flexural analysis of prestressed concrete structures. Numerous comparisons were made between observed and calculated quantities, but only a few will be reported here. More comparisons are available in a report by McClure, West, and Abdel-Halim.'2
Deflections at Midspan
To obtain the total experimental deflection at any load, the permanent set was added to the measured deflection. This was necessary so that all experimental deflections were measured from the same origin. Finite element deflections were obtained by subtracting the deflections due to load case 2 from load case 1 (see Fig. 7 ). The standard theoretical analysis procedure for prestressed concrete structures was used to calculate curvature at different load levels. Theoretical deflections were calculated. by loading the conjugate beam with the curvature diagram.
The experimental and theoretical midspan deflections are shown in Fig.  10 . The figure shows good agreement between finite element and observed deflections with the finite element model showing less stiffness than the real structure. That is, under a given load, the simulated structure deforms more than the actual structure. Fig. 10 also shows the results of the standard analysis for prestressed concrete beams which shows good agreement with experimental values up to first yielding. The remaining part of the curve was defined by two points, The first point was the first yielding of the bars and the second point was the ultimate condition assuming that concrete fails by crushing when the compression strain reaches a value of 0.003. In this part of the curve, the theoretical deflections are much larger than the experimental ones. Table 2 shows the observed, finite element and the standard calculated values for loads and deflections at first cracking, first yielding of bars, and at bridge failure, The first yielding load for all solutions was taken to be equal to the theoretical yielding load, and the corresponding deflections were compared accordingly. The percentage differences between the observed and theoretical values are also shown in Table 2 .
Longitudinal Stresses/Strains at Midspan
Finite element stresses were obtained by subtracting the stresses of load case 2 from the stresses of load case 1 (see Fig.7 ), Then the longitudinal strains were calculated using the generalized Hooke's law for a three-dimensional state of stress. Here again, the permanent set strains should be added to the measured strains in order to obtain the absolute surface strains which should he compared with the finite element strains. However, permanent set strains were not measured, and this was one of the main reasons for the deviation in strain results between the finite element analysis and test results. A comparison of measured and finite element strains did show fair agreement up to first yielding where permanent set strains were small but did show a deviation of results above first yielding where permanent set strains were relatively large. Strains increased almost linearly up to the first cracking load of 376 kips (1670 kN). At a load of 476 kips (2120 kN), the strain gages located near the bottom became inoperative due to cracks developing. 12. 13 A sample for the experimental and finite element strains obtained is shown by Fig. 11 at a load on the bridge equal to 476 kips (2120 kN), which is a load below first yielding. The figure shows a reasonable agreement between observed and finite element strains. The trend observed for deflections is sustained here; that is, the experimental results are smaller than the finite element results.
Based on the standard theoretical analysis, compression strains at the top surface of the girder were calculated at loads of 439, 600, and 700 kips (1950, 2670 , and 3110 kN). These strains were compared with the average compression Table 3 . This table indicates that the finite element method gives better agreement with the observed results than does the standard theoretical analysis. The same indication was obtained by the load-deflection response (see Fig. 10 ). The percentage differences between the observed and theoretical values are also shown in Table 3 .
Cracking and Failure of the Bridge
In the first and second days of testing, up to load P = 276 kips (1228 kN), there was no visible cracking on the bottom surface of.the bridge. In the third clay of testing, at load P -376 kips (1672 kN), the first visible cracking was observed at the bottom surface between the points of loading. As the load was increased, cracks increased in number, and those between the points of loading widened and extended toward the compression zone. In the transverse direction, it was noticed that cracks began at the inner side of the girder and progressed gradually toward the outer side.
Nothing unusual was noticed until the eighth day of testing, at load P = 876 kips (3876 kN), when two Io>icl sounds were heard at different times and the pressure gage readings dropped down slightly. It sounded like a strand or bar tendon had broken each time. At this load, the cracks at Joints 8 and 9 opened widely and extended upward toward the top slab.
In the last day of testing, at load P = 945 kips (4203 kN), two events occurred: first, a noise was heard and the deflection increased suddenly by 0.25 in. (6.35 mm); second, two loud sounds, simlarto those which occurred at P = 876 kips (3896 kN), were heard, Again, deflection increased suddenly by another 0.25 in. (6.35 min). Pressure reading started to fall off, but reached a constant value. As the load was slightly increased to the failure load of P = 953 kips (4250 kN), the crack at one of the middle joints (Joint 8) opened widely and the concrete in the compression zone crushed and spalled on the surface. The mode of failure of the bridge is shown in Fig. 12 . Upon inspection of Joint 8, it was found that all the strands were broken and the solid bars were holding the bridge in place.
The finite element load at first cracking was estimated at P = 420 kips (1868 kN) which is 11.70 percent larger than the observed value, The cracking load calculated from conventional theory was P = 439 kips (1953 kN) which is 16.76 percent larger than the observed value. Also, the finite element load at failure was estimated atP = 920 kips (4092 kN) which is 3.66 percent smaller than the observed value. The failure load calculated from conventional theory using strain compatibility was P = 901 kips (4000 kN) which is 5.65 percent smaller than the observed value. These values are given in Table 2 .
With the failure load of 955 kips (4250 kN) on the girder, the ultimate live load moment in the midspan section between points of loading was 26,024 kip-ft (35, 288 kN •m) for the 121 ft (36.9 m) simply supported span. If Girder B takes two lanes of AASHTO HS20-44 design load plus 20.3 percent for impact, the design live load moment would be: 2 (1901.3)(1.203) = 4575 kip-ft (6204 kNnn) The load factor for the live load would then be 26,02414,575 = 5.69, assuming a load factor for dead load equal to 1,00.
For a dead load of 4.514 kips/ft (65.86 kN/m), the maximum dead load moment at midspan would be: 1/8 (4.514)(121)2 = 8261 kip-ft (11,201 kN•n) The load factor for live load would then he 134,285 -1.3(8261)1/4575 = 5.15 if the load factor for dead load was considered to be 1.3 as recommended by AASHTO. Both of these live load factors exceed the 2.17 value recommended by the current AASHTO specifications for load factor design. The reason for the excessive load factor for live load is that extra steel was required in the girder to satisfy allowable stresses under unfactored loads.
Crack Patterns
Sketches were drawn for the crack patterns for the inside and outside of
